Lipid bilayer membranes are important as fundamental structures in biology and possess characteristic water-permeability, stability, and mechanical properties. Water permeation through a lipid bilayer membrane occurs readily, and more readily at higher temperature, which is largely due to an enthalpy cost of the liquid-to-gas phase transition of water. A fullerene bilayer membrane formed by dissolution of a water-soluble fullerene, Ph 5C60K, has now been shown to possess properties entirely different from those of the lipid membranes. The fullerene membrane is several orders of magnitude less permeable to water than a lipid membrane, and the permeability decreases at higher temperature. Water permeation is burdened by a very large entropy loss and may be favored slightly by an enthalpy gain, which is contrary to the energetics observed for the lipid membrane. We ascribe this energetics to favorable interactions of water molecules to the surface of the fullerene molecules as they pass through the clefts of the rigid fullerene bilayer. The findings provide possibilities of membrane design in science and technology.
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bilayer membrane ͉ vesicle ͉ entropy barrier V esicles made of a lipid bilayer membrane such as a cell membrane are fundamental structures in biology. The membrane maintains stability and mechanical properties to sustain the integrity of the biological machinery while allowing water to permeate through the liquid crystalline film of the hydrocarbon chains (1). The low energy barrier for water permeation is largely due to the small enthalpy cost of the liquid-to-gas phase transition of water (2) . The lipid membrane and its water permeation mechanism have long served as important models for design and analysis of membrane structures. We have reported that, upon dissolution in water, water-soluble fullerene (Ph 5 C 60 K) ( Fig. 1) (3) produces spherical bilayer vesicles (Ϸ15-nm radius) [see supporting information (SI) Fig. 7 ] as an exclusive self-assembly object (4, 5) . We report here that the vesicles made from water-soluble fullerene molecules show water-permeability, stability, and mechanical characteristics entirely different from those of the conventional vesicles. The fullerene membrane is several orders of magnitude less permeable to water than a lipid membrane (2, 6, 7) , and the permeability decreases at higher temperature. The high energy barrier for permeation is due to a very large negative activation entropy. We suggest that water molecules lose their mobility in the clefts of the rigid fullerene bilayer, just as in hydration of crystalline proteins or metal salts.
Results and Discussion
A solution study of the thermodynamics of water permeation through the fullerene membrane revealed that the mechanism of permeation is very different from that so far known for lipid bilayers. The vesicles were found to be quite tough on a mica surface, as examined by atomic force microscopy (4) . In contrast to lipid vesicles, the fullerene vesicles show neither 1 H nor 13 C NMR signals in water (at 10 -80°C), an indication of the lack of mobility of the molecules in the bilayer on the NMR time scale. The permeability coefficient (P) was determined by studying the inf luence of the paramagnetic Mn 2ϩ ion on the transverse NMR relaxation time (T 2 ) of 17 O of water molecules in the vesicles, a method established in studies of lipid vesicles (8, 9) . The radius of the vesicles used for this set of experiments was determined by dynamic light scattering measurement respectively at each temperature (Fig. 2) .
The coefficient P of the fullerene membrane (Ϸ2-nm thick) was found to be as small as 5.45 Ϯ 0.32 ϫ 10 Ϫ7 and 1.51 Ϯ 0.24 ϫ 10 Ϫ7 m/s at 20°C and 80°C, respectively (SI Table 1 ), as opposed to the value of 10 Ϫ3 to 10 Ϫ5 m/s determined for the much thicker phospholipid bilayers (Ϸ5-nm thick) (2) . More interestingly, the permeability increased from 10°C to 30°C and decreased from 40°C to 80°C (Figs. 3 and 4) . Note that the water permeability of lipid vesicles increases from 20°C to 40°C, and the vesicles lose their structural integrity at higher temperatures.
The Eyring plot of the permeability data showed that water permeation through the fullerene membrane is an entropycontrolled process, whereas that through the lipid membrane is an enthalpy-controlled process (7, 10, 11) . The activation parameters were thus determined to be ⌬H ‡ ϭ 2.88 kJ/mol, ⌬S ‡ ϭ -1.65 ϫ 10 2 J/mol⅐K for 10°C to 30°C and ⌬H ‡ ϭ Ϫ37.5 kJ/mol, ⌬S ‡ ϭ Ϫ2.93 ϫ 10 2 J/mol⅐K for 50°C to 80°C (Figs. 5 and 6a). The enthalpy gain at high temperatures (⌬H ‡ ϭ Ϫ37.5 kJ/mol) is puzzling in the light of the well known enthalpy loss in water permeation through lipid membranes (⌬H ‡ ϭ 26.2 kJ/mol), which is largely due to desolvation of water molecules from the bulk liquid water.
This large entropy loss is of the same order of magnitude as that determined for hydration of proteins and crystalline metal salts (i.e., a few to several hundred J/mol⅐K) (12, 13) . This similarity makes us consider that the fullerene bilayer serves as a rigid water-binding material ( Fig. 6c ) as opposed to the lipid bilayer, which is hydrophobic and undergoes conformation change and lateral motion (Fig. 6d) . Despite the insolubility of fullerene in bulk water, a single molecule of fullerene has considerable affinity for water molecules because of hydrogen bonding (14) , and this may account for the present observation. The change of the permeability and thermodynamics at Ϸ45°C is possibly due to the change in the molecular packing, as observed in fullerene crystals (15, 16) , because temperature variation from 10°C to 80°C did not much change the size of the vesicles.
In conclusion, we have shown that the energetics of water permeation through a fullerene membrane is entirely different from that of conventional bilayers made from lipid or related molecules. The stability and the mechanical toughness arise from the rigidity and high cohesive power of fullerene molecules (17) (18) (19) . We speculate that the fullerene molecules form a tight molecular assembly with geometry similar to that of the structure of the Buckminster Fuller dome (20, 21) and consider that, as they go through channels among the fullerene molecules, water molecules bind to the rigid fullerene molecules in the membrane. Taken together with the ability of Ph 5 C 60 derivatives to form a variety of molecular and supramolecular structures (22, 23) , the present findings suggest the development of composite structures involving fullerene, hydrocarbon, and functional arrays, and, hence, a number of new possibilities in vesicle and membrane science and technology. An interesting example would include chemical modification of the phenyl groups and installation of metal atoms onto the fullerene molecules that will produce chemically active bilayers for sensing and catalysis. The low water permeability suggests that water-soluble organic molecules can be encapsulated in the charged fullerene vesicles and may be delivered (24) , for instance, with the aid of an electric field (25) .
Materials and Methods
General. Anhydrous tetrahydrofuran (THF) was purchased from Kanto Chemicals (Tokyo, Japan) and further purified by a solvent purification system (MBraun) equipped with columns of activated alumina, supported copper catalyst (Q-5) and molecular sieves (26) . A solution of potassium tertbutoxide in THF was purchased from Aldrich (St. Louis, MO) and titrated before use (27) Fig. 4 . Temperature dependence of water permeability. The sample was heated and cooled over 2 h for each direction, and the cycle was performed three times through runs 1-6. Arrows indicate the direction of the temperature change. Raw data are shown in SI Table 1 . Table 1 ). The lines were obtained by least-squares fitting using Eq. 2. The activation enthalpy (⌬H ‡ ) and entropy (⌬S ‡ ) were determined to be 2.88 kJ/mol and Ϫ1.65 ϫ 10 2 J/mol⅐K for low temperature (10 -30°C; shown in blue) and Ϫ37.5 kJ/mol and Ϫ2.93 ϫ 10 2 J/mol⅐K for high temperature (50 -80°C; shown in red), respectively. Isotec, St. Louis, MO) was used as received. Methanol and ethylene glycol for the temperature calibration were distilled and dried over molecular sieves. Manganese(II) chloride (MnCl 2 ) was purchased from Aldrich and used as received. Distilled water was further purified with Milli-Q (Millipore, Billerica, MA). The dynamic laser light scattering study was carried out on a Zetasizer Nano ZS machine (Malvern, Malvern, U.K.). The NMR transverse relaxation time (T 2 ) of 17 O was measured on an ECA-500 spectrometer (JEOL, Tokyo, Japan) by the Carr-Purcell-Meiboom-Gill method using a pulse sequence installed on the spectrometer (Delta system, version 4.2). The temperature of the NMR measurement was controlled by a combination of cooling (NM-LLTAS/ H2; JEOL) and heating systems equipped with a variable temperature probe (TH5AFG2; JEOL).
Preparation of Fullerene Bilayer Vesicle. The vesicle solution used for the study was prepared as reported (4) . Potassium tertbutoxide in THF (0.98 M, 75.8 l, 75 mol) was added to a suspension of Ph 5 C 60 H (55.4 mg, 50.0 mol) in THF (3.93 ml), and the mixture was stirred under nitrogen. During the mixing, the suspension became a dark transparent solution of Ph 5 C 60 K. After 3 h, a portion of the solution of Ph 5 C 60 K (12.5 mM in 1.60 ml, 20 mol) was slowly injected into water (8.4 ml) with stirring at 400 rpm over 1 min using a syringe pump (ISIS, Atco, NJ) to obtain a vesicle solution of Ph 5 C 60 K (2.0 mM) in 16% THF/ water. THF and water were removed by evaporation at Ϸ7 kPa, and the final concentration of Ph 5 C 60 K was adjusted to 3.5 mM.
The radius of the vesicles may vary in the range of 10-40 nm, depending on the conditions of the preparation, but generally falls in the range of 13-18 nm.
Determination of Permeability Coefficient by NMR Relaxation Time
Measurement. The permeability coefficient (P) was determined by the NMR method established in the studies of lipid vesicles (9) . The fullerene vesicle solution used for this measurement was prepared (3.50 mM Ph 5 C 60 K in 5.70 ml) as described above. An aqueous solution of MnCl 2 (2.00 mM in 250 l) and the vesicle solution (3.50 mM Ph 5 C 60 K in 250 l) were mixed to give a vesicle solution of Ph 5 C 60 K (1.75 mM in 500 l) in water containing 1.0 mM MnCl 2 . The hydrodynamic radius (R h ) of the vesicles was determined by dynamic light scattering from 10°C to 80°C (Fig. 2) . A vesicle solution of Ph 5 C 60 K in 17 O-enriched water was prepared in the same manner on a smaller scale using the same vesicle solution (3.50 mM Ph 5 C 60 K in 30 l) and an aqueous solution of MnCl 2 (2.00 mM in 30 l) in water containing 20 atom% of 17 O. The sample solution was transferred to a N-502B capillary NMR tube (tube diameter, 2 mm; Nihon Seimitsu Kagaku, Tokyo, Japan). The transverse relaxation time (T 2 ) of 17 O was recorded three times without spinning the sample tube. The transverse relaxation time of the interior water (T 2i ) was measured, and, as a reference, the transverse relaxation time of blank water (T 2ref ) also was measured. The permeability coefficient (P) is obtained from Eq. 1 (9) . The largest coefficient measurable under the present conditions is 10 Ϫ5 m/s, as defined by the transverse relaxation time of water in the presence of Mn 2ϩ .
As a reference, we also performed the measurement on phosphatidylcholine vesicles and obtained a permeability coefficient (2.2 ϫ 10 Ϫ5 m/s, 25°C, R h ϭ 42 nm; SI Fig. 8 ) and activation parameters (⌬H ‡ ϭ 26.2 kJ/mol and ⌬S ‡ ϭ Ϫ29.1 J/mol⅐K), which showed that the energy barrier of the water permeation is mainly due to the enthalpy cost (Fig. 6b) 
(2).
Relaxation Time Measurement by Variable Temperature NMR. The NMR probe temperature was calibrated by using methanol (10 -30°C) and ethylene glycol (40 -80°C) before the measurement (28) . We measured the transverse relaxation time of the vesicle solution from 10°C to 80°C in steps of 10°C. The sample was equilibrated for 5 min at the set temperature each time, and the relaxation time was recorded three times at that temperature. The temperature was then lowered by 10°C from 80°C to 10°C, and the transverse relaxation time was recorded. The warming/cooling cycle was performed three times to record the permeability coefficients shown in Figs. 3 and 4 and SI Table 1 . One cycle of warming and cooling took 4.5 h, and the whole measurement was carried out during a period of 13.5 h. When we warmed the solution to 90°C, the vesicle solution was unstable and orange precipitates resulted.
Eyring Analysis of the Water Permeability. Thermodynamic parameters of the water permeability were obtained by the method developed by Eyring (7). The Eyring equation is:
where is the distance between successive equilibrium positions of permeating species and was assumed to be 0.5 nm, k is the Boltzmann constant, L is the thickness of the membrane and was assumed to be 2 nm, h is the Planck constant, R is the universal gas constant, T is the absolute temperature, ⌬S ‡ is the entropy of activation for permeation, and ⌬H ‡ is the enthalpy of activation for permeation.
The permeability coefficients were thus plotted as ln(P/T) vs. 1/T (Fig. 5) . The Arrhenius plot can also be applied to obtain the activation energy (E a ) (10) . Two lines were respectively obtained from 10 -30°C and 50 -80°C by least-squares fitting of the above equation to obtain Ϫ⌬H ‡ /R as the slope and ln( 2 k/Lh) ϩ ⌬S ‡ /R as the intercept (Fig. 5) . (the distance between successive equilibrium positions of permeating species) is in the range of 0.3-1.1 nm. The variation in the entropy of activation in this range of is approximately Ϯ5%. We assumed to be 0.5 nm, following the discussion of Eyring (7, 29) . The thickness of the fullerene bilayer membrane (L) is Ͼ1.87 nm (hexagonal-like close packing) and Ͻ2.0 nm (simple cubic-like packing), and we assumed a value of 2.0 nm. The variation in the entropy of activation in this range of L is approximately Ϯ0.1%.
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